The influence of the support material of vanadia catalysts on the reaction rate, activation energies, and defect formation enthalpies was investigated for the oxidative dehydrogenation of ethanol and propane. Characterization by infrared absorption-reflection spectroscopy (IRAS), Raman and UV-vis spectroscopy verifies a high dispersion of vanadia for powder and thin-film model catalysts. The support effect of ceria, alumina, titania, and zirconia is reflected in activation energy, oxidative dehydrogenation (ODH) rate, and temperature-programmed reductions (TPR) for both catalyst systems, ethanol and propane. Impendence spectroscopy and density functional theory (DFT) calculations were used to determine the defect formation enthalpy of the vanadyl oxygen double bond, providing the scaling parameter for a BellEvans-Polanyi relationship. On the basis of a Mars-van-Krevelen mechanism, an energy profile for the oxidative dehydrogenation is proposed.
Introduction
In the last two decades, vanadia-based catalysts have been intensively studied for partial oxidation [1, 2] or oxidative dehydrogenation (ODH) reactions [3, 4] . They represent a worthwhile alternative for the production of short alkenes like ethene and propene, because these reactions are exothermic and not thermodynamically limited. Olefins are fundamental raw materials for a lot of industrial processes such as the production of polypropylene, acrylonitrile, and propylene oxide [5] , whose demand underlies a steady increase. Today, the major part of the ethene and propene production is actually done by energy consuming steam cracking and thermal dehydrogenation processes, and it is reasonable to suspect that these processes cannot cover the demand. At present, for the ODH of short alkanes, selectivity to the desired alkenes is not satisfactory, because the products are prone to total oxidation by the catalysts.
In many studies, a strong impact of the support material on the activity of the surface vanadyl species in various ODH reactions of hydrocarbons and alcohols [1, 3, [6] [7] [8] [9] has been reported. Attempts have been made to correlate the activity with a single global parameter, the Sanderson electro negativity [1] . Some authors [3, 6, 8] assume that the influence of the support onto the reducibility of the surface vanadia species controls the activity. However, the attempt to correlate the propane oxidation activity with the peak maxima of H 2 -TPR experiments as a function of the support material [3, 8, 10] often leads to unsatisfactory results. Density functional theory (DFT) calculations [11, 12] suggest to use oxygen defect formation energies of supported vanadia as reactivity descriptors [13, 14] . For vanadia supported on ceria, DFT calculations of oxygen defect formation energies have been used to rationalize the observed increased formation rate of formaldehyde compared to vanadia on inert supports [15] . This is in the spirit of linear free energy relationship (Bell-Evans-Polanyi principle) [6, 16] , which have been successfully used to rationalize trends in the catalytic activity of transition metals [1] .
The aim of this work is to provide deeper insight into the nature of the support effect by comparison of defect formation energies obtained through impedance spectroscopy with reaction data on powder catalysts as well as by comparison with model systems. The oxidative dehydrogenation of propane, which we investigated [3] earlier, is not well suited as test reaction for catalyst properties because of the influence of consecutive reactions to the primary C 2 H 5 OH þ 0:5O 2 
In order to deduce the role of the support material on the reactivity of vanadia, vanadia was deposited in sub-monolayer quantities on alumina, zirconia, titania, and ceria as support materials. The supported vanadia catalysts were characterized by UVvis and Raman spectroscopy, temperature-programmed reduction (TPR), nitrogen adsorption, inductively coupled plasma optical emission spectroscopy (ICP-OES), impedance spectroscopy and tested for their catalytic capabilities in ethanol dehydrogenation to acetaldehyde. For the investigation of the oxygen defect formation as reactivity descriptor of the catalysts, the defect formation energies were determined by impedance spectroscopy and compared to theoretical predictions.
Additionally, vanadia was deposited in sub-monolayer quantities on the surfaces of ceria and alumina thin films as model supports. The respective experimental model systems were studied by temperature-programmed desorption (TPD) and infrared absorption-reflection spectroscopy (IRAS) in order to elucidate structure-reactivity relationships for ethanol oxidations at systems where structure and morphology had been investigated previously with the scanning tunneling microscope (STM) and proven to be analogous. DFT has been applied to calculate oxygen defect formation energies for models of the different supported catalysts in order to demonstrate the significant differences between the two systems.
Experimental

Thin-film model catalysts
The experiments were performed in an ultrahigh vacuum (UHV) chamber with a base pressure of $5 Â 10 À10 mbar. The chamber is equipped with an IR spectrometer (Bruker IFS 66/vs), a differentially pumped quadrupole mass spectrometer (Hiden HAL 201), and a low energy electron diffraction/Auger electron spectroscopy (LEED/AES, from Specs). The single crystal substrates (Ru(0 0 0 1) for the ceria films and NiAl(1 1 0) for the alumina films, both from Mateck) were spot-welded to two parallel Ta wires, which are in turn welded to two Ta rods used for resistive heating up to 1300 K and also for cooling down to 100 K by filling a manipulator rod with liquid nitrogen. The temperature is measured by a chromel-alumel thermocouple spot-welded to the underside of the crystal.
The ca. 5 nm thick, well-ordered CeO 2 (1 1 1) films were grown as described elsewhere [19, 20] . Briefly, the Ru(0 0 0 1) substrate was cleaned with repeated cycles of ion sputtering and annealing in UHV at 1300 K. Then, the Ru substrate was precovered with oxygen at 700 K in 1 Â 10 À6 mbar O 2 for 5 min. Ceria was evaporated onto this surface in 1 Â 10 À6 mbar O 2 from a tungsten crucible contained in an e-beam-assisted evaporator (EFM3 from Omicron). The film was oxidized at 980 K in 1 Â 10 À6 mbar O 2 for 15 min, resulting in a film which showed a sharp (1.4 Â 1.4)-Ru(0 0 0 1) LEED pattern (not shown) with low background intensity characteristic for the crystalline CeO 2 (1 1 1) thin films [19] .
The alumina films were grown using a well-established procedure on NiAl(1 1 0) [21, 22] . The NiAl substrate was cleaned with repeated cycles of sputtering and annealing in UHV at 1300 K for 5 min. Then, $1200 L O 2 (1 L = 1 Â 10 À6 Torr s) was dosed onto the surface (1 Â 10 À6 mbar O 2 for 20 min) at a temperature of 550 K, followed by annealing in UHV at 1075 K for 5 min. This dosing and annealing cycle was then repeated in order to assure a closed film. The sample exhibited the LEED pattern (not shown) and characteristic phonon ($865 cm À1 ) of the crystalline Al 2 O 3 / NiAl(1 1 0) film [21] .
For both films, vanadia particles were deposited onto the surface at two different sub-monolayer coverages. The sample was biased at the same potential as the source rod during evaporation in order to prevent the acceleration of ions toward the sample. The evaporations were conducted at 300 K in 1 Â 10 À6 mbar O 2 . After the evaporation was complete, the sample was kept in 1 Â 10 À6 mbar O 2 at 300 K for 10 additional minutes, in order to ensure complete oxidation of the particles. The surface was then exposed to ca. 25 L ethanol (>99.8% purity, further purified with repeated freezepump-thaw cycles) using a directional pinhole doser at 300 K. The sample was cooled to ca. 100 K prior to temperature-programmed desorption (TPD) measurements. The TPD spectrum was acquired at a heating rate of 3 K/s up to 700 K, and the relevant masses of desorbed species were monitored using a mass spectrometer. The TPD signal for m/z = 29 is a characteristic component for acetaldehyde cracking pattern and was used to determine the degree of acetaldehyde formation. In order to correct this signal for the desorption of ethanol (which also has a component at 29 amu), the following equation was used
, where the correction factor of 1.6 was empirically determined for our measurement system using the desorption of a multilayer of physisorbed ethanol.
DFT calculations
DFT plane wave calculations have been performed on slab models of vanadia species supported on the CeO 2 (1 1 1) surface [23] and on the thin alumina film grown on a NiAl substrate [24] as described before. The same methods are applied to vanadia species supported on the c-Al 2 O 3 (0 0 1) surface. A slab model with a 1 Â 2 surface cell was adopted for a vanadia loading of H = 0.25.
The Perdew-Wang 91 (PW91) functional is applied, except for ceria for which the PBE + D approximation is employed, see Ref. [23] for details.
Powder catalysts
The powder catalysts were prepared by the thermal spreading of a vanadyl acetylacetonate (Fluka) precursor over each support material. Titania (anatase), zirconia, and alumina, which were obtained from Saint-Gobain Norpro, and ceria, which was prepared in our laboratory by thermal decomposition of cerium nitrate (ABCR), were selected as support materials. Each support was precalcined at 750°C for 4 h before being well mixed with the appropriate amount of vanadyl acetylacetonate in an agate mortar and subsequently calcined at 500°C for 4 h. Each calcination step was performed in a quartz rotary furnace under 50 mL/min flow of synthetic air (20% O 2 /Ar).
Raman measurements were performed using a Horiba-JobinYvon confocal LABRAM Raman microscope utilizing a 633 nm excitation source (HeNe laser). All samples were compressed into 7 mm diameter pellets using a hand press (PIKE Technologies) before being dehydrated in a purpose-built quartz cell. The cell was located in a tubular furnace (HTM Reetz, LOBA vertikal) where the sample was exposed to 20 vol.% O 2 in N 2 (total flow 50 mL/ min) at 723 K for 1 h. The cell was then isolated and mounted on the microscope stage where spectra were collected with a laser power of 1.5 mW. UV-visible diffuse reflectance spectra (UV-vis DRS) were recorded using a PerkinElmer Lambda 650 spectrometer equipped with a Harrick Praying Mantis™ diffuse reflectance attachment (DRP-P72) and reaction chamber (HVC-VUV), operating under flow conditions. UV-visible spectra were measured in the 200-800 nm range. 20-30 mg of the powdered material was necessary to fill the sample cup of the in situ cell. Reflectance measurements were converted to absorption spectra using the Kubelka-Munk function (F(R 1 )) [25] . All spectra are referenced against SBA-15, which was used as white standard. All samples were diluted (5-fold) in SBA-15 and dehydrated at 723 K in flowing synthetic air for 60 min prior to collecting spectra at room temperature. All spectra are normalized between zero and unity. The spectrum of Al 2 O 3 support has, in addition, been linearly scaled, so that the intensity at 600 nm is near zero. Alumina is an effective ''white standard'' and without this additional procedure, the intensity of minority species (and noise) would otherwise be artificially enhanced as a consequence of the normalization procedure. For purposes of qualitative comparison between catalyst and support, this procedure seems suitable since neither dispersed vanadia, V 2 O 5 agglomerates, nor Al 2 O 3 are reported to have a strong absorbance in this region of the spectrum.
Nitrogen adsorption isotherms were measured by a Micromeritics Gemini 2375 surface analyzer. The surface area is calculated by the method of Brunauer, Emmitt, and Teller (BET) and the pore size distribution by the method of Barrett, Joyner, and Halenda (BJH). For elementary analysis, a Varian ICP-OES 715-ES is used. The samples were solubilized in a CEM microwave AD 1058 in a mixture of one part hydrochloric acid, three parts nitric acid and two parts sulfuric acid at 200°C for a period of 25 min. Temperature-programmed reduction (TPR) measurements were performed in a quartz reactor. Catalyst samples were fully oxidized with synthetic air at 500°C for one hour and subsequently cooled to room temperature. The sample was then quenched in helium before the gas stream was switched to 3% ethanol in helium at 30 N mL/min, and the catalyst was heated to 250°C at heating rate of 2 K/min. Evolved acetaldehyde was measured by a quadrupole mass spectrometer (InProcess Instruments) as a function of time.
The defect formation enthalpies of oxygen vacancies were determined using temperature-dependent conductivity experiments. The method is described in detail in [26] . On heating an enthalpy DH Ã that comprises a term for defect formation DH f and charge carrier migration DH m is measured:
Then, on cooling only the migration enthalpy is determined. For pure vanadia, this is already achieved in an oxygen environment due to slow re-equilibration kinetics. However, the supported catalysts reestablish the equilibrium state on cooling in oxygen, and therefore, the experiments are done in nitrogen. Thus, by knowing the migration enthalpy, DH m , and apparent enthalpy, DH Ã , the defect formation enthalpy, DH f , for oxygen vacancies can be calculated.
For the impedance spectroscopic experiments, compressed powder disks with a diameter of 6 mm and a thickness of 2 mm were prepared. Platinum electrodes with a diameter of 5 mm were sputter coated on both sides with an Ar-plasma for proper electronic contact. The samples were oxidized in a tubular furnace under flowing oxygen at 500°C for 4 h. The disks were then cooled to >100°C and placed in a desiccator to minimize water adsorption. The impedance spectroscopic experiments (impedance analyser: Zahner, IM6ex) were performed in a nitrogen atmosphere in the temperature range 400-500°C with a heating and cooling rate of 0.1 K/min. A bandwidth of 7 mHz-1 kHz with an amplitude of 50 mV was applied. For the calculation of the conductivity, the resistance attributed to the bulk relaxation was used. The impedance spectra were analyzed using the software Thales v1.X(Zahner).
The catalytic tests for ethanol oxidation were performed in a stainless steel fixed-bed reactor system with an inner diameter of 8 mm. The reactor tubes are coated with a SilcoTek™ silicon coating to prevent catalytic activity and coke formation on the reactor walls. Kinetic measurements were performed under differential conditions with a standard stoichiometric feed composition of 6 kPa oxygen and 12 kPa ethanol at an overall flow rate of 220 N mL/min. The investigated temperature interval was between 140°C and 200°C. The product stream was analyzed by a Shimadzu GC-2014 equipped with a methanizer, thermal conductivity detector, flame ionization detector, and packed HayeSep Q and Molsieve 13X columns. Experimental setup for propane oxidation is described elsewhere [3] . Table 1 shows the surface areas, the loading of vanadia and the resulting surface density of vanadium on the supports. Vanadium surface densities were calculated from the concentration of vanadium in the sample by assuming a uniform dispersion over the entire surface of the support. One can see that the surface densities of vanadium on all supports are around 3.5 atoms per square nanometer, which is approximately half of a monolayer coverage of polymeric vanadyl species and 1.5 times higher than the theoretical monolayer of monomeric vanadyl species [27, 28] . Only marginal reductions in both surface area and pore volume over the entire pore size distribution were observed after the thermal spreading and calcination treatment.
Results
Powder catalysts
ICP-OES and BET
Raman and UV-vis
The positions of charge transfer bands in UV/vis spectra of vanadium oxide species have been correlated with specific electronic transitions. For example, bands with absorption edges in the range 310-620 nm have been attributed to O 2À ? V 5+ , while bands with absorption edges in the range ca. 250-275 have been assigned to O 2À ? V 4+ transitions [29] [30] [31] . For semiconductors, the positions of absorption maxima have been attributed to an increase in domain size [32] [33] [34] [35] . This methodology has been applied to the study of vanadia supported on several metal oxide materials, including alumina [36] ; silica [37] ; zirconia [7] ; and titania [38] . With reference to model catalysts, isolated tetrahedrally coordinated monovanadate ions are reported to absorb at ca. 240 and 290 nm [39] , while polyvanadate ions with octahedral/pentahedral coordination present absorption features located at 270, 340, and 412 nm [40] . Examination of Fig. 1a reveals that crystalline V 2 O 5 presents a very broad absorption feature with maxima located at 440 and 490 nm. Fig. 1 presents diffuse reflectance UV/vis spectra of supported vanadium oxide catalysts and associated with support materials. Examination of the spectra clearly shows that CeO 2 , TiO 2 , and ZrO 2 supports absorb strongly in the range 200-400 nm. It is not possible to identify very highly dispersed vanadium oxide species on these samples since absorptions due to such species are dwarfed by the intense charge transfer bands associated with the support material. However, for the spectrum of VO x /Al 2 O 3 ( Fig. 1e ), which exhibits minimal contributions from the support material, broad and overlapping maxima are observed at 232, 280, and 370 nm. The features located at 232 and 280 nm have previously been attributed to isolated vanadia sites and oligomeric V-O-V species, respectively [41] , while the 370 nm feature has been assigned to polymerized VO 6 species [42] . None of the catalysts examined here present significant absorption at 490 nm, which, in comparison with Fig. 1a , would indicate the presence of three-dimensional V 2 O 5 crystallites. Rather, the data indicate that all catalyst samples contain polymeric vanadia species, while we cannot discount the presence of additional highly dispersed monomeric vanadia species due to overlapping support absorptions at low wavelengths. We note that the spectrum of VO x /CeO 2 exhibits a maximum located at ca. 380 nm, indicating the presence of polymerized VO 6 species. The persistence of a broad ''tail'' that exhibits residual intensity at 490 nm indicates that additional vanadia species that are more agglomerated than those found in the other catalyst samples are also present. That this is observed only for the VO x /CeO 2 sample is could be a consequence of its higher vanadium surface density compared with the other catalysts in the series. However, we draw attention to the fact that stoichiometric crystalline V 2 O 5 yields an optical band gap edge energy of ca. 563 nm, corresponding to the O 2À ? V 5+ charge transfer in an infinite array of pseudo-octahedral vanadium ions [43] , that is not observed in any of the catalyst samples measured here. So, although we are unable to make a detailed characterization of the of the supported vanadia species (due to prohibitively strong support absorptions in the region 200-390 nm), we can reject the presence of three-dimensional crystalline V 2 O 5 species from the catalyst samples considered in the present study.
Raman spectroscopy was applied to further characterize the catalysts and, crucially, to confirm the absence of V 2 O 5 nano-crystallites. Fig. 2A presents Raman spectra of several supported vanadia catalysts in the energy range 120-1200 cm
À1
. With the exception of VO x /Al 2 O 3 , the spectra are dominated by vibrational modes associated with the support materials. For VO x /CeO 2 ( Fig. 2A-ii) , the intense signal located at 463 cm À1 corresponds to the first-order-allowed, triply degenerate F 2g mode Raman line of crystalline CeO 2 . The FWHM of 8.7 cm À1 reflects the high crystallinity of the CeO 2 support [44] . VO x /TiO 2 ( Fig. 2A-iii . VO x /ZrO 2 ( Fig. 2A-iv) [45] . Thus, the Raman spectrum of VO x /ZrO 2 indicates that a mixture of monoclinic and tetragonal ZrO 2 phases is present. The spectrum of VO x /Al 2 O 3 ( Fig. 2A-v) presents broad signals located at ca. 257, 338, 490, and 601 cm À1 , which we attribute to contributions from the cell window (silica). These features are more prominent in spectrum of VO x /Al 2 O 3 compared with the other spectra due to the fact that Al 2 O 3 is a poor Raman scatterer in comparison with the other support materials studied here.
The position of the v(V@O) stretching band, which is located at 995 cm À1 in pure V 2 O 5 [46] , has been widely related to supported vanadia clusters of varying nuclearity [47] [48] [49] [50] [51] [52] [53] [54] [55] . With respect to the catalysts studied here, VO x /CeO 2 ( Fig. 2B-ii , the spectrum of VO x /CeO 2 , which has a vanadium surface density of 3.9 atoms/nm 2 , is in very good agreement with that previously reported for a VO x /CeO 2 sample with a calculated surface density of 5 atoms/nm 2 [47] . Bands located at 1022, 1030, and 1044 cm À1 were tentatively assigned to V@O stretching modes associated with dimeric, trimeric and polymeric vanadia species, respectively. A fourth band located at 1008 cm
, which is not observed in the spectrum of our VO x /CeO 2 sample, was assigned to monomeric vanadia species. These assignments were based on the results of Baron et al. [48] who used a combination of STM imaging and surface infrared spectroscopy to examine VO x clusters on a CeO 2 (1 1 1) surface. The band observed at 930 cm À1 has been assigned to V-O-V stretching in polyvanadate [49, 56, 57] , while the broad background in the range 850-970 cm
has been assigned to various V-O-Ce modes [23, 49, 56] . The absence of obvious features located at 770 and 841 cm À1 indicates that CeVO 4 is absent from the VO x /CeO 2 sample [58] . The spectrum of VO x /TiO 2 ( Fig. 2B-iii) exhibits a feature located at 1030 cm À1 with a shoulder at 1025 cm
. The appearance of two features indicates the presence of at least two discrete supported vanadia structures. The Raman spectrum of the VO x /ZrO 2 sample (Fig. 2B-iv) exhibits a feature located at 1030 cm
, which has previously been assigned as zirconia-supported polyvanadate species [50] . The broadness of this band may indicate that a number of different supported vanadia species coexist. The absence of signals located at 775 and 982 cm À1 indicates an absence of a ZrV 2-O 7 phase. The spectrum of VO x /Al 2 O 3 ( Fig. 2-v) Based on previous work [60] [61] [62] , Busca [63] affirms that the surface metal vanadyl species formed at low loading on different metal oxide supports (alumina, titania, zirconia, and ceria) are similar, and that the position of the V@O stretching wave number is only weakly dependent on the support, and that the surface coverage is more critical, being slightly shifted upwards on increasing the vanadium loading [64, 65] . The position of the V@O has been variously related to the nuclearity of supported vanadia clusters. The frequency of the V@O oscillator has been shown to follow the ranking polymerized vanadia > isolated vanadia > V 2 O 5 [50] [51] [52] [53] . The increase in V@O stretching frequency has been interpreted as being due to increased dipole-dipole coupling between V@O oscillators in vanadia species with higher degrees of polymerization [47] . However, it has also been reported that the V@O stretching frequency follows the ranking isolated vanadia > polymerized vanadia > V 2 O 5 [51] . This lack of consistency in the assignment of bands to particular cluster formations is particularly evident when comparing vanadia deposited on different support materials. For example, a Raman signal located at 1042 cm À1 is assigned to monomeric vanadia species in VO x /SiO 2 , while on VO x /CeO 2 , a features at similar energies (1044 cm À1 [47] and 1040 cm À1 [48] ) have previously been assigned to polymeric VO x species. In contrast, signals observed at 1043 cm À1 in the Raman spectra of a VO x /CeO 2 (1 1 1) model system have been assigned to monomeric species based on comparison with scanning tunneling microscope images [48] . In addition, bands located at 1042 cm À1 for VO x /SiO 2 samples [54, 55] have been assigned to monomeric VO x species based on a comparison with trihalovanadyl complexes [66, 67] .
A combined DFT and multi-wavelength Raman spectroscopic investigation revealed that the fundamental V@O stretching mode of VO x clusters supported on silica is strongly coupled to vanadiasilica interface modes and that shifts in the position of this band cannot simply be interpreted as being due to a change in the bond strength and bond length of the vanadium oxygen double bond [68] . Treatment of the vanadyl stretching band as an isolated species that is independent of support vibrations, as is the case in the vast majority of the literature, is an oversimplification that may lead to erroneous results. It has been clearly shown that interface modes between vanadia and the support must be considered in order to assign spectral features to isolated and polymeric species [68] . In the absence of a universally accepted assignment of supported vanadia species based purely on the vanadyl stretching frequency, we refrain from making a precise statement regarding the structures of the supported vanadia species on the catalysts examined here. However, we can say with certainty that the surface of these samples is dominated by dispersed vanadia species with various degrees of nuclearity and/or local environment as reflected by the broad (and sometimes multistructured) V@O stretching bands observed by Raman spectroscopy. This assertion is supported by diffuse reflectance UV/vis measurements that show broad features exhibiting intensity over a wide energy range that incorporates vanadia species of varyingly nuclearity. Crucially, the presence of V 2 O 5 can be excluded from all but the VO x /Al 2 O 3 sample, which contains trace amounts at most. As a conclusion of the catalyst characterization, we assume to have a set of catalysts with similar vanadia surface species that allow an identification and discussion of the support effects on the catalytic activity. Fig. 3 shows the temperature dependency of acetaldehyde evolution for the different supported catalysts when ethanol is employed as the reductant. For vanadia supported on titania, zirconia, and ceria, one product desorption peak can be observed. Vanadia supported on alumina gives two acetaldehyde evolution peaks. However, dehydration of ethanol commences at temperatures higher than 200°C, producing ethylene, which also has a primary mass peak at 28 m/z and therefore compromises the MS measurement due to overlap with the acetaldehyde mass spectra. In the case of vanadia/alumina, this phenomenon strongly overlaps with the product desorption peaks. Integration of the acetaldehyde signal indicates an approximate reduction in vanadium from oxidation state V to IV for the different catalysts, which supports the aforementioned model. Comparison of the peak maxima gives the ranking for the reactivity of VO x /TiO 2 > VO x /ZrO 2 > VO x /CeO 2 > VO x /Al 2 O 3 . When using H 2 as reductant, a different ranking of reactivity is observed, which is VO x /ZrO 2 > VO x /TiO 2 > VO x /Al 2 O 3 > VO x / CeO 2 . Integration of consumed hydrogen indicates a reduction from oxidation state V to III. The TPR results are very similar to other reported studies [3, 8] . Table 2 summarizes the TPR peak maxima for both reductants ethanol and hydrogen. Table 3 depicts the defect formation enthalpies determined according to the method described in [26, 69] for the supported vanadia catalysts. Following ranking of defect formation is found: VO x /TiO 2 < VO x /ZrO 2 < VO x /CeO 2 < VO x /Al 2 O 3 . Reference values are Fig. 3 . EtOH-TPR with a heating rate of 2 K/min and 3 mol% EtOH. available for pure V 2 O 5 , which are in good agreement with our experiments (119 kJ/mol). Measurements on molten vanadia gave an enthalpy of 125 kJ/mol [70] , close to the result of DFT calculations for crystalline V 2 O 5 , 113 kJ/mol [13] . Therefore, the results for the supported catalysts may yield equal accuracy.
Temperature-programmed reduction
Impedance spectroscopy
Catalytic activity
The presumable kinetics of the ethanol oxidation to acetaldehyde can be interpreted as a sequence of elementary steps as shown in Fig. 4(I) . The catalytic cycle begins with the catalyst in an oxidized state. DFT calculations for the methanol oxidation [12] have shown that the alcohol first adsorbs dissociatively resulting in a cleavage of a V-O-S (S = support) or V-O-V bond.
We note that in the case of the vanadia/ceria system, it is reasonable to assume that adsorption of ethanol may also occur on the support in close proximity to the V@O moiety instead directly on the vanadyl site. In the consecutive step, a hydrogen atom is transferred from the ethoxide species to the vanadyl oxygen atom, which creates kind of biradical structure with one unpaired electron at the Å C 2 H 4 O-group and the other in vanadium d-states. Acetaldehyde is formed when the Å C 2 H 4 O-V bond splits, and a second electron goes into vanadium d-states, either at the same V site or at a neighboring one. DFT calculations indicate that a pair of two vanadium (IV) is more stable than a V(V) and V(III) pairing [11, 71] . Subsequently, water desorbs, either after recombination of two V(IV)-OH groups or directly from the V(III) site. The irreversibility of this step is proven by the absence of inhibition by water [2] . The catalytic cycle is finally closed by oxidizing the two V(IV) sites or the V(III) site via irreversible chemisorption of oxygen to form the active site [2, 71] . Based on a pseudo-steady state approach of the elementary steps detailed in Fig. 4 the following rate equation is derived:
Here, K 1 is the equilibrium constant of the adsorption step, k 2 is the rate constant of the rate-limiting step, k 3 is the rate constant for the reoxidation, and n is the constant for Freundlich adsorption isotherm. Because, at our reaction conditions, very fast reoxidation can be assumed [2] , k 2 /k 3 (p O2 ) 1/2 ( 1, the rate is approximately equal to k 2 .
The ODH rate at steady state conditions is calculated at ethanol conversions of less than 10%, that is, differential reaction conditions, by division of the acetaldehyde (AA) molar flow rate by the amount of vanadium atoms in the catalyst. This refers to the turnover frequency, if assuming every vanadium atom contributes equally to the reaction. The product distribution for all catalysts was almost independent of the temperature. Ceria-, zirconia-, and titania-supported vanadia catalysts exhibited a selectivity of greater than 98% to acetaldehyde with some diethylether as a byproduct and carbon oxides as consecutive reaction products, while alumina-supported vanadia a higher selectivity toward diethylether (15%) was obtained, which is attributed to the Lewis or Brønsted acid sites present on the alumina support [72] . Table 4 shows that the ODH rates of the ethanol oxidation differ by almost Only bare ceria reveals high activity to total oxidation products at temperatures higher than 200°C, which is suppressed by loading with vanadia as has been previously observed for different ODH reactions [3, 73] and additionally in model studies [70] . Dehydrogenation rates were measured as a function of temperature at all catalysts described above, and the apparent activation energies were derived from the resulting Arrhenius plots. The apparent activation energies and preexponential factors are presented in Table 4 .
In order to find a relationship between the ODH of ethanol and propane as can be expected by the similar reaction mechanism (Fig. 4II) , we investigated the same series of catalysts in the ODH of propane in the temperature range 400-500°C. Calculation of the ODH rate is done under the assumption that no parallel reaction to carbon oxides takes place. This is justified by the high observed selectivity. The rate is obtained by division of the converted propane molar flow rate by the amount of vanadium atoms in the catalyst. The explicit values for the ODH rate, the apparent activation energies, and preexponential factors are given in Table 5 .
Both reactions show the same reactivity ranking over the studied family of catalysts, although there is a significant change in the reaction temperature and the molecular structure of the two reactants. Pure vanadia has to be excluded. Due to formation of volatile vanadyl ethoxides, the ODH rate is erroneous as mentioned before.
In order to exclude influences of the catalyst morphology for two selected materials, thin-film model systems were studied at identical structure and conditions and modeled by DFT in order to quantify the obtained observations.
Thin-film model catalysts
The key experimental findings are presented in Fig. 5 , from which a direct comparison of the vanadia/alumina and vanadia/ ceria systems may be made. For zirconia and titania thin-film model systems are not available, but fortunately, the two given systems represent boundary cases for our investigations into catalyst with strong support effects. We first address the results for vanadia/alumina. Deposition of vanadia onto an alumina film attenuates the alumina phonon band (located at 865 cm
À1
) and leads to the formation of V@O terminated particles as evidenced by the appearance of the V@O band at ca 1040 cm À1 . Concomitantly, the presence of an interfacial V-O-Al mode, reported to be located at ca. 920 cm À1 [68] , that overlaps with an alumina phonon results in a broadband centered at 900 cm À1 . Based on the relationship between the morphology of vanadia species, observed by STM, and IRA spectra of the vanadia/alumina surfaces previously reported [22] , we could estimate the vanadia coverage in these experiments, which is approximately 3 atoms/nm 2 , respectively. The TPD spectra of ethanol adsorbed at 300 K on the respective vanadia/alumina surfaces did not show any detectable reactivity toward acetylaldehyde (AA) (see bottom left of Fig. 5) .
In contrast, the vanadia/ceria system containing the same amount of vanadia showed substantial reactivity expressed as AA formation (right bottom in Fig. 5 ). The TPD spectra revealed two desorption features, that is, at 500 K and $600 K. The high-temperature reactivity can straightforwardly be assigned to the reactivity of the bare ceria surface showing a similar TPD feature in the experiments performed with pristine ceria films (the dashed line). Obviously, the reactivity at 500 K must be associated with vanadia species. As we have recently shown [48] , vanadia wets the ceria surface at sub-monolayer coverages and may form monomeric, oligomeric, or two-dimensional islands. These species can, in principle, be differentiated by IRAS based on the structure-frequency relationship observed for this system using scanning tunneling microscopy [48] : the higher the nuclearity of the vanadyl species, the higher the stretching frequency. The IRAS spectra of the vanadia/ceria samples (see top right panel in Fig. 5 ) suggest that di and trimeric as well as larger oligomeric species, showing the 1033 cm À1 band, dominate the surface. Therefore, the TPD and IRAS results on vanadia thin-film model catalysts clearly show the support effect such that vanadia supported on ceria is more active toward ethanol than vanadia supported on alumina. 1 0 0) . Whereas on the alumina surface, the vanadyl oxygen atom is removed providing the active site, on the ceria surface, the oxygen atom is removed from one of the V-O-Ce bridges. This assumption is supported by similar reactivity of incipient CeVO 4 and dispersed vanadium oxide on ceria [74] . This results in a large relaxation effect for VO x /CeO 2 and reduces the oxygen defect formation energy to 76 kJ/mol compared to 388 kJ/mol for the VO x /alumina sites. Without relaxation, the result for the ceria support (385 kJ/mol) is very similar to that of the alumina support [23] . Fig. 6 also shows results for a dimeric vanadia species on c-alumina, for which virtually the same oxygen defect formation energy is obtained. The much smaller oxygen defect formation energy for ceria as support compared to alumina explains the much higher reactivity toward ethanol oxidation observed in the thin-film experiments. 
DFT results
Discussion
The oxygen defect formation energies obtained by DFT (Figs. 6  and 7 ) indicate that the thin alumina film on NiAl is a good model for the c-alumina support among the powder catalysts. Both the observed (impedance spectroscopy, Table 3 ) and DFT-calculated (Fig. 6 ) differences of oxygen defect formation energies between ceria and alumina supports explain the observed reactivity differences at these samples.
DFT calculations have also been performed for vanadia supported on zirconia [75] . Whereas for isolated dimeric vanadia species, the calculated values for zirconia (389 kJ/mol) are hardly different from the ones for alumina (386-401 kJ/mol, Figs. 6 and 7), significantly lower values (150-190 kJ/mol) have been obtained by DFT only for polymeric vanadia species on zirconia supports [75] .
Previous studies have shown a strong influence of the support material on the ODH rate of various reactants like methanol, ethane, and propane. Even though different conditions, that is temperature and feed composition, were used, they found the same ranking of activity, which is TiO 2 > ZrO 2 > CeO 2 > Al 2 O 3 > SiO 2 [3, 6, 8, 9 ]. An exception is methanol ODH, for which the observed reactivity sequence was CeO 2 > ZrO 2 > TiO 2 > Al 2 O 3 > SiO 2 [1] . This support effect was also found for the oxidation of propene to acrolein [76] . However, one must interpret this observation with great care since the oxidation to acrolein is a 4e À reaction requiring two surface vanadyl sites and is showing a strong influence by the vanadium surface density [76] . Whereas we found the same activity ranking when pure vanadia is excluded (Fig. 8, top) . A plot of the apparent activation energies even exhibits a strong correlation (Fig. 8, bottom) .
Clearly, the close relationship between the apparent activation energies of ethanol and propane ODH as a function of the support material is manifested here as a straight line through the point of origin with 23 ± 5 kJ/mol lower barriers for ethanol oxidation. This indicates that the rate-limiting steps of both reactions are influenced by the same phenomena. This is reasonable, since hydrogen abstraction has been shown to be the rate-determining step for both methanol and propane oxidation reactions [11, 12] . For VO x / SiO 2 catalysts, the predicted apparent Arrhenius barrier (DFT) for methanol of 104 ± 5 kJ/mol = (DH # 503 þ R Á 503 þ DCCSDðTÞ) [12] is also about 20 kJ/mol lower than that predicted for propane, 123 ± 5 kJ/mol = (DH # 750 þ R Á 750) [11] . Therefore, the TPD and IRAS results on vanadia thin-film model catalysts clearly show the support effect such that vanadia supported on ceria is more active toward ethanol than vanadia supported on alumina.
Every support material exhibits unique features, which may influence the catalytic performance. Electron paramagnetic resonance (EPR) measurements indicate the presence of small amounts of vanadium (IV) deposited on alumina, even under an oxidizing atmosphere [77] . This could be inactive for the ODH reaction. At elevated temperatures ceria can form a CeVO 4 -phase, which is inactive for the ODH of ethanol. CeVO 4 formation is favored with increasing surface coverage of vanadium and under typical ODH reaction conditions [58] . Ceria and titania are partially reduced to oxidation state three under reaction conditions via reoxidation of the supported vanadium centers to oxidation state 5+ [58, 77, 78] . Especially, ceria stabilizes vanadium in the oxidation state +5 in the presence of oxygen by creating Ce 3+ ions [48] .
Since hydrogen abstraction has been shown to be the ratedetermining step for the oxidation of alcohol to aldehyde [12] , the hydrogenation energy
is often used as reactivity descriptor [14] . Fig. 9 shows that there is a correlation between the temperature at maximum acetaldehyde production during TPR of ethanol and the ODH rate of the catalysts. However, such correlation does not exist with the reducibility as measured in the H 2 -TPR experiments. Nevertheless, the EtOH-TPR experiments provide evidence that vanadium is only reduced to the oxidation state IV. As mentioned previously, several authors tried, more or less successfully, to correlate the ODH rate with the reducibility of the surface vanadyl species [6, 79] . Oxygen defect formation also leads to a (partially) reduced catalyst, and hence, the oxygen defect formation energy has been also suggested as reactivity descriptor [13, 15, 75, 80] .
Fig . 10 shows the proposed energy profile of the oxidation of ethanol exemplary for vanadia supported on alumina, beginning with the oxidized state of the catalyst and the reactants in the gas phase. A similar reaction energy profile has been obtained by DFT for the methanol oxidation on vanadia supported on silica [12] . The first step is the adsorption of ethanol,
It is followed by the rate-limiting step, abstraction of hydrogen, occurring via transition state ''TS,'' where the catalyst is partially reduced:
Experimentally, it is only possible to measure the energy difference between before the adsorption of ethanol and the formation of ''TS'' in a steady state experiment. This is the apparent activation energy, E a,app , which includes the adsorption enthalpy, DH a (C 2 H 5 OH), and the intrinsic barrier for the rate-limiting step. An estimate of the adsorption energy DH a (C 2 H 5 OH) % 48 kJ/mol is obtained from DH a (CH 3 OH) = 38 kJ/mol [12] plus an increment of 10 kJ/mol for the CH 2 group. The product formation involves the formation of two V(IV) atoms and the desorption of acetaldehyde: The enthalpy of oxidation corresponds to the inverse of the enthalpy of defect formation, DH def = 111 kJ/mol, Table 5 ). Desorption of water (DH a (H 2 O) = À86 kJ/mol [71] ) formally completes the reaction cycle and connects with the gas phase reaction to the overall reaction enthalpy, DH R = À179 kJ/mol.
C 2 H 5 OHðgÞ þ 0:5O 2 ðgÞ ! C 2 H 4 OðgÞ þ H 2 OðgÞ ð 11Þ
By altering the support, the oxygen defect formation enthalpy can decreased, which is followed by a decrease in the apparent activation energy as it is shown by the correlations in Fig. 11 . Fig. 11 shows the apparent activation energy as function of the oxygen defect formation energy. When the values for pure vanadia are omitted, there a very good linear correlation with r = 0.999. The Fig. 9 . Comparison of EtOH-TPR maxima with ODH rate of EtOH. straight line has a positive y-axis intercept at DH def = 0, which is located at 60 kJ/mol for propane and at 50 kJ/mol for ethanol. This is attributed to the different strengths of the C-H bonds involved in the dehydration. The inconsistency of the V 2 O 5 defect formation enthalpy is probably related to defect formation in the bulk instead of only on the surface.
Conclusion
We found the same support effect for thin-film model catalysts as for powder catalysts and have demonstrated that this is not simply a phenomenon of the bulk phase. Moreover, the vanadia powder catalysts show the same reactivity across different supports for ethanol oxidation and for propane oxidation. Despite the fact that the oxidic catalyst system and the reaction are clearly different, similar correlations were found by varying the support material. The observed correlation between the apparent activation energies of the ODH of ethanol and propane with the measured oxygen defect formation enthalpies shows that the reducibility of supported vanadia can be used as reactivity descriptor as suggested before [13] [14] [15] 80] .
The derived data demonstrate that the reaction follows very similar energy profiles with changes that are governed by defect formation energies according to the Bell-Evans-Polanyi principle as expressed in the following formula.
with E A as activation energy of the rate-determining step, DE as reaction energy of the key reaction step, a and b as scaling parameters. Since this depends strongly on the support material, an optimization of the catalyst should consider measures for tuning the reducibility of the vanadia supported thereon. With doped or mixed oxides, this is possible in a wide range.
In oxidation reactions, the difference between the rates of desired product formation and undesired over oxidation and also of the activation energies of these reactions is mainly governed by the difference in the C-H bond strength involved in the corresponding rate-determining steps. Since these parameters cannot be changed for a given reaction, it is necessary to select a reaction temperature where the ratio between the rates of desired and undesired reaction is sufficiently high for achieving a reasonable selectivity. In order to obtain also a suitable space-time yield at this temperature, it is important to have a tuning parameter available that adjusts the reaction rate at the selected temperature in an economically viable range.
